A simplified approach to the measurement of the rate of serotonin (5-HT) synthesis in laboratory ani mals is presented using autoradiography and labeled u-methyl-L-tryptophan, The method is based on the as sumption that the volume of distribution of an apparent precursor pool is the same in all brain structures, The apparent distribution volume (Vapp) of the tracer was es timated from our previous data and found to be 0.45 ± 0.1 ml g-1 (n = 147) as an average in all brain structures.
from those calculated by the dual time point method, where both Vappcand K* were estimated. The rates from the -two approaches did not differ when compared by analysis of variance (p > 0.8), Mann-Whitney rank sum test (p > 0.11), Bonferroni-corrected two-tailed t test, or when the ratio between two groups was tested against the hypothesis of being I. The agreement between rates of 5-HT synthesis estimated by the two methods was very good, suggesting that the simplified method proposed here is appropriate for these kind of measurements. Key Words: Autoradiography-Distribution volume-u methyl-L-tryptophan, huys, 1983) . The biosynthesis of 5-HT is a two-step enzymatic process from the essential amino acid L-tryptophan. The first step is hydroxylation of L-tryptophan catalyzed by tryptophan hydroxylase (TPH; EC 1.14.16.4 ; with tetrahydropteridine as a cofactor). TPH is a substrate-specific enzyme and is specific to serotonergic neurons (Kuhar et al., 1971) . The resulting 5-hydroxytryptophan is decar boxylated (Brodie et aI., 1962) with aromatic L-amino acid decarboxylase (AAAD; EC 4.1.1.28). In general, TPH is considered to be a rate-limiting enzyme in the biosynthesis of 5-HT.
Several methods have been developed to esti mate the rate of 5-HT synthesis in laboratory ani mals. These methods generally use some kind of pharmacological treatment as an aid (e.g., AAAD inhibitors, probenecid, monoamine oxidase inhibi tors) as a part of the method. In addition to the need for pharmacological manipUlation, some analysis methods are very labor intensive and often allow only the rate of synthesis to be estimated in a rather large part of the rat brain. The methods using mi cropuncture of the brain have also been used (Tap paz and Pujol, 1980) , permitting determination of the synthesis rate in smaller structures. However, this approach still requires the use of drugs (e.g., AAAD inhibitors, probenecid) that could have an influence on the rate of synthesis (Muck-SeIer and Diksic, 1994; Vanier et aI., 1995) , complicating the evaluation of any other treatment.
Recently we developed an autoradiographic method using labeled a-methyl-L-tryptophan (0. MTrp) , a tryptophan analogue, as a tracer (Naga hiro et aI., 1990; Diksic, 1991) . The in vivo conver sion of a-MTrp (both labeled and unlabeled) to a-methyl 5-HT was confirmed by HPLC of the brain homogenates (Missala and Sourkes, 1989; Diksic et aI., 1990) . The a-MTrp method is based on the unidirectional uptake of tracer into the tissue irreversible compartment, which could be the 5-HT tissue pool. Since a-MTrp is not incorporated into proteins to any appreciable level (Diksic et aI., 1990) , only the slope of this uptake is required in the calculation of the regional rate of 5-HT synthesis (Nagahiro et aI., 1990; Diksic, 1991; Diksic et aI., 1991) . Since the method requires that rats be killed at two different times after an apparent steady state is reached, it requires an appreciable number of an imals. The proposed simplification of the method described here permits estimates of the rate of 5-HT synthesis from only one time point. This simplifica tion could be used in many different kinds of exper iments in laboratory animals, especially when one side of the brain could be used as a control permit ting utilization of paired statistics (Tsuiki et aI., 1994) .
To evaluate whether the single time point method would provide reasonable estimates of the rates of 5-HT synthesis and get a sense of an appropriate time period for performing experiments, the rates were separately estimated in rats killed at two dif ferent time intervals after tracer injection (4 and 6 h). In this single time point method, the value of the apparent volume of distribution was assumed from the results of other experiments done previously in the laboratory. To evaluate the adequacy of the sin gle time point method, a comparison was done be tween rates estimated in one group of rats with the regular dual time point method described earlier (Nagahiro et aI., 1990) and the estimates in rats with the single time point method (described here). The alternative single time point method would reduce the number of animals required in the control and experimental groups. It is also conceivable that the data would be less scattered because all rats would be killed at the same time, avoiding the possible influence of additional stress on the plasma free tryptophan and subsequently on the brain 5-HT synthesis. 
MATERIALS AND METHODS

Materials
Experimental procedures
Wi star rats weighing -220 g were fasted overnight with water given ad libitum. The femoral artery and vein were catheterized under light anesthesia (1-1.5% halothane) at least 2 h before tracer injection. After surgery (Diksic et aI., 1990) , the rats were placed in a loose-fitting pias ter cast and allowed to awaken. Arterial Pe02, P02, pH, blood pressure, and hematocrit were periodically checked (minimum three times during one experiment). The rectal temperature was kept at -37°C with a heating lamp. Animals were kept awake for -2 h before tracer injection. To avoid the influence of circadian rhythm on the results, the tracer was <tlways injected between noon and 2 p.m. Rats were injected with 50 /l-Ci of a-e4ClMTrp. Ten to 15 arterial blood samples of 50 /l-I each were taken at progressively increased periods of time until decapitation. After centrifugation for -3 min at 12,500 g and deproteinization with 20% trichloroacetic acid, 20 /l-l of plasma was pipetted and radioactivity mea sured by liquid scintillation counting to obtain input func tion. Here we want to emphasize that presently we are not doing deproteinization of the plasma because there are no labeled proteins (tracer does not incorporate into proteins) in the plasma. Four to five plasma samples were also taken at different times for determination of total and free Tep in plasma. Free Tep in plasma was determined in the plasma samples filtered through an Ultrafree-MC fil ter. Plasma Trp concentrations were measured by an HPLC method (Diksic et aI., 1990) .
Rats were decapitated at 4 h (three rats) and 6 h (four rats) after tracer injection, and brains were removed (within 2-4 min) and cut in the microtome at -20°C into 30-/l-m slices. The slices were exposed for 3 weeks to x-ray films along with 14C-standards to permit quantita tion. Quantitation of autoradiograms was done with the aid of a computerized image analyzer (Image Calculator; Soquelec Ltd., Montreal, Canada). Images were digitized and the tracer concentrations measured in some 30 brain structures.
A separate group of 10 rats was injected with 50 /l-Ci of a-[14C]MTrp with all other preparations described and used in the dual time point method. Five rats were killed 60 min and five more at 150 min after tracer injection. This set of rats (dual time point method) was used as a control group (comparison) for the single time point method. Brains were extracted and autoradiograms ob tained. Autoradiograms from this group were digitized and processed as described later in Dual Time Point Method, and the distribution volumes were analyzed by the dual time point method described earlier (Nagahiro et aI., 1990) . A brief reference to the procedure is given later.
Calculation of rate of 5-HT synthesis
Single time point method. The three-compartment bio logical model was described in detail elsewhere (Diksic et aI., 1990; Diksic, 1991) . The construction of the biological model was discussed in our previous publications and will not be repeated here. Some time after tracer injection (shown before to be -60 min) (Diksic et aI., 1990) , an apparent steady state is reached. After an apparent steady state, the tissue volume of distribution, assuming no loss of the label from the metabolic compartment (Dik sic et aI., 1990) , is linearly related to the exposure time.
The slope of this relation is equal to K* and the intercept is Vapp. After this time the constant of the net unidi rectional uptake (K*; ml g -I min -I) of tracer into the brain is
where Vb (ml g -I is the tracer volume of distribution calculated as the ratio between the tissue radioactivity (nCi g-I) at the end of the experiment (n to the radio activity of tracer in the plasma being [C�(n; nCi ml-I].
The Vapp (ml g -I) is an apparent volume of distribution of the tracer at an apparent steady state (it can also b<,! called the volume of the precursor pool), and e = J�C�(t) . dtl C�(n. (The e represents the time necessary to expose the tissue with the plasma having a unit concentration to obtain the same volume of distribution.) The C�(t) is the plasma input function, tracer concentration as the func tion of time. Integrals were calculated by a numerical integration after interpolating points using the method of Stineman (1980) . Equation 1 has two unknowns, K* and Vapp. In the single time point method, after assuming the value of the Vapp, (see later), K* was estimated (Eq. I) and from it the rate of 5-HT synthesis (R; pmol g-I min -I) by the relation
where Cp is the plasma concentration of free Trp (pmol ml-I) and LC is the scaling factor required to relate the uptake of tracer o:-MTrp to the rate of 5-HT synthesis.
The value of LC was recently measured (Vanier et aI., 1995) in the rat brain and it has a value of 0.42 ± 0.07. Justification for appropriateness for using plasma free Trp concentration in Eq. 1 was discussed and justified in our previous publications (Diksic et aI., 1990; Nagahiro et aI., 1990; Takada et aI., 1992 Takada et aI., , 1993 . The use of the plasma free Trp concentration is also justified by the data of many other investigators (e.g., Salter et aI., 1989; Taglia monte and Biggio 1973; Spano et aI., 1974; Leathwood, 1987) , showing that this is the fraction correlated to the brain 5-HT synthesis. However, this conclusion is not in agreement with those of others (Pardridge, 1977; Par dridge and Mietus, 1982; Pard ridge and Fierer, 1990) , who maintain that a greater fraction than that of the plasma free Trp communicates with the brain. We wish to emphasize, as discussed elsewhere (Takada et aI., 1993) , that the experiments of Pard ridge (1977), Pardridge and Mietus (1982) , and Pardridge and Fierer (1990) were done under non-steady-state conditions, which could be re sponsible for the erroneous conclusion (see Discussion in Takada et aI., 1993) .
The structure-to-structure variability of Vapp (ml g-I)
in different experiments was statistically evaluated. Sta tistical evaluation showed that Vapp values for different all seven experiments by first averaging K* , obtaining the mean ± SD with n = 7; then average K* was converted into the rates (Eq. 2) given in Table 1 . Here the SD was estimated from the dispersion of data from different rats.
Dual time point method. In the dual time point method, data were analyzed as described in detail elsewhere (Na gahiro et aI., 1990) and will not be repeated here. In short, tissue radioactivity was converted into volume of distri bution, and slopes (K*; ml g-Imin -I) of the volume of distribution (DV*; ml g -I) as a function of exposure time (8; min) were calculated by the least-squares method (equation used was DV* = K* . 8 + V!pp)' 8 was cal culated as described from the plasma input function. The rate of 5-HT synthesis was then calculated according to Eq. 2. In this method, the V!pp was also estimated and on average found to agree reasonably well with our previous estimates for the Vapp'given earlier.
Statistical evaluation
We used two diff erent statistical software: SIGMASTAT (Jandel Scientific, San Rafael, CA, U.S.A.) and AXUM (TriMetrix, Seattle, WA, U.S.A.). The statistical tests utilized were ANOV A, Mann-Whitney nonparametric test, and Bonferroni-corrected two-tailed t test. The prob ability of p < 0.05 was taken as a significant difference for ANOVA and Mann-Whitney tests and approximately equal to 0.05/26 = 0.0019 for the Bonferroni-corrected test.
RESULTS
Physiological parameters of all animals in both groups were within normal limits for the laboratory. The average concentration of free Trp in the plasma of rats used in the dual time point method was 8.58 ± 1.34 nmol ml-I and in the single time point method 13.66 ± 2.86 nmol ml-I. Although there was a difference in the plasma free Trp, the frac tional ratio of the free Trp was about the same in both groups: 18 ± 3%.
A set of autoradiograms exemplifying tracer dis tribution in rats killed 4 and 6 h after tracer injection is given in Fig. 1 . One can identify with ease the structures known to contain high concentrations of 5-HT-producing cells (e.g., pineal body, dorsal and median raphe, as well as other raphe nuclei). A deep layer of cortex and the medial part of caudate, shown earlier to have a higher rate of 5-HT synthe sis (Nagahiro et aI., 1990) , are easily identified (Fig. R.N., raphe nucleus; VM, ventromedial. For comparison or as a "control," values measured by the previously described dual time point method are also given. ° Here SDs were calculated from the dispersion of the rates in different rats (n = 7). It is called the single time point method; however, rats were killed at two different times after tracer injection (4 and 6 h). Data were analyzed by subtracting the same Vapp (see text for details).
b SO was estimated from the SO of the regression line and the SO in the plasma free Trp concen tration as the square of the sum of the squares of the relative errors. I). By examining Fig. 1 , one can notice that even rather small structures (e.g., trapezoid body and ra phe pallidus) are well visualized (A and E). Other structures are generally well differentiated in im ages obtained in the brain of rats killed 4 h after tracer injection (A-D). Certainly even better differ entiation was seen in images obtained 6 h after tracer injection (cf. A-D and E-H).
In Fig. 2 , a group of representative regression lines (calculated by giving an equal weight to all points) is shown to exemplify the agreement be tween the two groups (single and dual time point methods) of rats. The rats used in the dual time point experiments are presented with the corre sponding symbols with e (exposure time; see pre vious definition) of <400 min. Since rats had differ ent plasma free Trp concentrations, the proper pre sentation of the data was to multiply the DV (distribution volume) with the plasma free Trp con-centration (see N agahiro et aI., 1990, for discus sion), before combining two sets of data for the re gression analysis. We are presenting data to eluci date the relationship in structures rich in the serotonergic cell bodies ( Fig. 2A ) and terminal ar eas (Fig. 2B) . The average rate of 5-HT synthesis for all rats combined into a single group could be estimated directly from the slopes of these regres sion lines; dividing the slope with the Le. A closer examination of these regression lines indicates that their slope was increased after combining data from the dual time point method (1-and 2.5-h data) with results obtained in rats killed 4 and 6 h after tracer injection. The rates estimated from these slopes are given in the legend to Fig. 2 , and indeed they are greater than those expected from the straight aver age of data in Table 1 , although not completely out of line with them.
A comparison of the rates estimated in the two groups of rats is given in Table I . In the single time point method (Eq. I; Table I ), a Vapp of 0.45 ml g -I was used. In Table I , we also present data for the 4and 6-h experiments separately to demonstrate the correspondence between the 5-HT synthesis rates in rats killed at those times. An ANOY A test be tween the synthesis rates obtained in rats killed at 4 and 6 h showed that there was no significant differ ence (p > 0.8) between the two sets of data. A similar conclusion was obtained by the Mann Whitney test (p > 0.11). However, one could see a possible trend in the data when the 5-HT synthesis rates were compared in the structures with a high concentration of the cell bodies in the two groups:
The rates are greater in the 6-h group. In contrast, the terminal structures indicated that the synthesis rates were greater from the 4-h experiments. This difference was generally within the errors in the two groups of animals. Again, when the ratio between the rates of 4-and 6-h experiments was tested against the null hypothesis of having the ratio of I, it was found that it was not significantly different (p > 0.7) from I. The rates calculated by the dual time point method are also given in Table I for compar ison. These rates were calculated by obtaining first the linear fit of the DV values as a function of e (see details herein and in N agahiro et aI., 1990), and then by using K* (the slope of the linear relation) the rate of synthesis was calculated by Eq. 2. The errors (SO) given in Table I were calculated as the square root of the sum of the squares of the relative errors in K* and the plasma free Trp. The apparent volume of distribution for the precursor pool obtained from 0.45 ± 0.1 ml g-I ) could be made. When comparison between two approaches was done by correcting probabilities by the Bonferroni post hoc correction, none of the structures had a significant difference (corrected p became >0.0019 with n = 26 or 0.0015 with n = 32-the actual number of brain areas examined). In addition to this, when the results from the two groups of rats (single and dual time point methods) were com pared by the Mann-Whitney nonparametric test, there was no significant difference (p > 0.11) be tween the two groups of animals. Similarly, the ANOY A on these two groups showed no significant difference (p > 0.8).
DISCUSSION
The objective of this work was to evaluate the possibility of estimating the rate of 5-HT synthesis in the brain of laboratory animals by sampling the brain distribution of a-[14C]MTrp at only a single time after tracer injection. If possible, the method would become more practical and the use of a larger time after tracer injection would also permit better delineation of many structures (Fig. 1) . This simpli fication of our recently developed method (Naga hiro et aI., 1990 , Diksic, 1991 should make the method more practical and easier to use. To deter mine the reliability of this method, we compared the rates of synthesis obtained by the dual time point method Diksic, 1991) and those obtained by the single time point method. In substantially different from the one used here (0.45 ml g-l).
In the design of experiments for the single time point method, we elected to kill rats at two different times (4 and 6 h) after tracer injection to see if there was significant influence of this time on the esti- Methods) should be greater for a longer time period. However, the time of the experiment should also be in the practical range for carrying out the experi mental procedure. Indeed, the real tissue signal was greater for rats killed 6 h after tracer injection (this time period was equal to -800-min exposure time 8), but the rates estimated overall were not signif icantly different (ANOVA; p > 0.8) from those es timated in the group killed 4 h after tracer injection (this time period was equal to -500-min exposure time 8). As a result of this (no significant difference between the two sets), the data were combined and average values given (Table 1 ). The largest difference in 5-HT synthesis between the single and dual time point methods was ob-served in the dorsal and median raphe and the pi neal body. There was a possibility that in the images obtained at a longer time (6 h), a better delineation of these structures would be acquired and with this less dilution with surrounding tissue. A contribution of surrounding tissue could dilute (at shorter times) the radioisotope concentration estimated in those structures and with this artificially reduce the esti mated rate of 5-HT synthesis. It is also possible that the known circadian variation in 5-HT (e.g., Sarna, 1991) and melatonin (e.g., Namboodiri et aI., 1991) synthesis had some influence on the rate of 5-HT synthesis, especially in the cell body area and the pineal body. In the pineal body, the synthesis of melatonin is greatly elevated during the dark cycle. A similar increase in 5-HT synthesis occurs in the cell body area. Rats in 4-and even more in 6-h experiments were killed closer to the animal night cycle than rats used in the dual time point experi· ment. This could be in part an explanation for some what higher synthesis rates (but not significant; ANOV A, p > 0.8) in the 6-h group than in the 4-h rats, as well as for the higher rates in the single time point method than in the dual time point method. This no tion is also indirectly supported by the rates estimated when data from all 17 rats were analyzed together (Fig. 2) . From the data presented here, we would sug gest that, for purely practical reasons, rats should be killed some 4 h after tracer injection and data ana lyzed as described in Single Time Point Method.
The two groups of rats had different concentra tions of free and total Trp in the plasma; however, the ratios between free and total Trp were almost the same in both methods. The rates of 5-HT syn thesis agreed well between the two groups, suggest ing that the fractional concentration of free Trp in the plasma was more important for brain 5-HT syn thesis than the actual concentration of free Trp. A similar conclusion, that the fraction of the free Trp is more important for 5-HT synthesis than the ac tual concentration, was reported earlier (B1oxam and Curzon, 1978; Salter et aI., 1989; Takada et aI., 1993) . It should be emphasized that the free fraction of the plasma Trp is not the only factor controlling neuronal synthesis. One cannot envision that the synthesis of this very important neurotransmitter could be controlled only by the Trp supply from the plasma. It has been reported that immobilization (acute stress) has an influence on brain 5-HT syn thesis (Stone, 1975 , Glavin, 1985 . A prolonged im mobilization (in the single time point method up to 8 h, relative to 4-5 h in the dual time point method) could also have some effect on the rate of 5-HT synthesis in the dorsal and median raphe and the pineal body.
J Cereb Blood Flow Metab, Vol. 15, No.5, 1995 In conclusion, we can state that the single time point method offers a very convenient approach to the measurement of the rate of 5-HT synthesis in the rat brain. It seems from the comparison of the two methods that the apparent volume of distribu tion of the precursor pool could be assumed to be -0.45 ml g-I for all brain structures. The reduction of the number of animals and overall cost involved (e.g., less tracer and work) should make this proce dure more attractive to a wider scientific commu nity, permitting the study of brain 5-HT synthesis in many different experimental protocols (e .g., drug treatments, aging, brain injuries). A greater 5-HT synthesis rate in the dorsal and median raphe could in part be explained by the circadian rhythm influ ence on the synthesis.
